Background-There is evidence that endogenous nitrate synthesis is notably increased in patients with infective gastroenteritis. Aims-To determine whether this is due to nitric oxide (NO) production via the L-arginine/NO pathway. (Gut 1999;45:355-361) 
Nitric oxide (NO) is synthesised from the guanidino nitrogen atoms of L-arginine by NO synthase (NOS). 1 Three isoforms of NOS have been identified: an endothelial type (eNOS), a neuronal type (nNOS), and a macrophage (inducible, iNOS) type. Both nNOS and eNOS tend to be expressed constitutively; however, iNOS expression generally requires induction under the influence of various cytokines and/or lipopolysaccharide (LPS). 2 Several studies have shown the existence of a cytokine inducible high output L-arginine/NO pathway in humans. Ochoa 2 guanidino arginine as a metabolic tracer, showed that this increase in nitrate synthesis is by activation of the L-arginine/NO pathway. 4 Moreover, Sherman et al showed the expression and the isolation of cDNA for a cytokine induced NOS in a transformed human intestinal epithelial cell line, 5 a finding which has been confirmed by other independent investigators. 6 7 Increasing data indicate that NO exerts important antimicrobial activity against a wide range of pathogenic microorganisms. 8 For instance, inhibitors of NOS exacerbate infection in vitro and in vivo against enterobacteria such as Escherichia coli and Salmonella sp., 9 and iNOS deficient mice are highly susceptible to infections with Leishmania major and Listeria monocytogenes. 10 Conversely, accumulating evidence also suggests that reactive species derived from NOS play a significant role in acute and chronic inflammation. Recently, several reports have suggested that overproduction of NO could play an important role in the pathogenesis of inflammatory bowel disease (IBD). Indeed, increased levels of NO and iNOS activity have been shown in the colonic lumen and mucosa of patients with ulcerative colitis. [11] [12] [13] Furthermore, inhibitors of NOS have been shown to exert a protective role in ileitis induced by trinitrobenzene sulphonic acid in guinea pigs 14 and rats. 15 In addition, iNOS deficient mice generate significantly less footpad swelling after injection with carrageenin and are also more resistant to LPS induced death than wild type. 10 Nitric oxide in blood is rapidly oxidised to nitrate by oxygenated haemoglobin, molecular oxygen, and superoxide anions and is excreted as such into the urine. 16 Hegesh and Shiloah 17 showed in 1982 that infants with acute gastroenteritis had a notable increase in plasma nitrate concentration. Our group 18 and Wagner and colleagues 19 have previously reported a similar increase in plasma nitrate concentration and urinary nitrate excretion in adults with infective gastroenteritis. This increase in nitrate production was also much greater in patients with infective gastroenteritis than that seen with more severe inflammation caused by IBD. 20 The main problem with the use of total nitrate production rate as a measure of NO synthesis is, however, that nitrate may arise from sources other than that generated from the metabolism of NO and dietary intake of nitrate may exceed endogenous production. 21 Based on the calculated half life for nitrate in plasma (about eight hours), 22 23 To overcome these limitations, we have developed a sensitive and specific method of measuring the conversion of L-arginine into NO. 23 The method is based on the measurement of [ 
Materials and methods

SUBJECTS
The study was carried out in the Infection Unit at Aberdeen Royal Infirmary. Permission was obtained from the local Ethics Committee and all subjects gave their written, informed consent before participating. Seven consecutive male patients (age 22-40 years) referred to the Unit with community acquired bacterial gastroenteritis were entered into the study. All patients had stool culture positive for infectious gastroenteritis: five with Campylobacter jejuni, one with Cryptosporidium, and one with Salmonella enteritidis. The control group consisted of 15 healthy male volunteers (age 21-41 years) from hospital and laboratory staV. All subjects were normotensive, non-diabetic, nonsmokers, and were receiving no medication. 
Measurement of total urinary nitrate
Total urinary nitrate was measured as previously described. 26 Briefly, nitrate was reduced to nitrite in a copper/cadmium reduction column and subsequent Griess reaction, modified by replacing carrier fluid with 1.5% glycine, pH 9.4. The detection limit of this method is 1 µM and interday coeYcient of variation over the measured concentration range (20-1000 µM) was less than 3%.
Measurement of [
15 N: 14 
N]nitrate ratio
In order to determine 15 N enrichment of nitrate in urine, a modification of the procedure described by Brooks and colleagues 27 was followed. 23 Briefly, urinary nitrate was extracted using a selective ion exchange resin (IMAC HP555; Merck Laboratories, Domstadt, Germany), and converted to ammonia using 0.4 g Devarda's alloy (BDH, UK) in the presence of 0.2 g magnesium oxide (Sigma, St Louis, Missouri, USA) with subsequent conversion to nitrogen gas by combustion at 1000°C, and analysis by continuous flow gas isotope ratio mass spectrometry (20-20, Europa Scientific, UK). The precision of Figure 1 shows the cumulative recovery of [ 15 N]nitrate in urine. The total elimination rates of nitrate in patients and healthy volunteers were similar (−0.083/h and −0.082/h). Likewise, the urinary creatinine clearance was similar in both groups (106.1 (2.5) versus 103.2 (2.4) ml/min, respectively).
Discussion
The results of this study show, for the first time, that the considerable increase in endogenous nitrate production in patients with infective gastroenteritis is due to oxidation of L-arginine via NOS. The tissue location of the sevenfold increase in NO synthesis in this study cannot, however, be determined.
Direct measurement of NO production is diYcult because of its short half life in vivo. 16 In mammalian cells, NO is enzymatically synthesised from the guanidino nitrogen atoms of L-arginine, and this is the only known enzymatic biochemical route by which these nitrogen atoms may be incorporated into nitrate. 2 -arginine by intestinal microflora (i.e. the NOS present in these organisms). This is, however, unlikely to explain the large diVer- 30 This pathway includes the combined activity of the enzymes, arginine deaminase, ornithine transcarbamylase, and carbamate kinase, which catalyses the conversion of L-arginine to ornithine, ammonia, and carbon dioxide with the concurrent formation of ATP. 31 This indicates that the guanidino amino groups of L-arginine are primarily metabolised to ammonia, which may subsequently be used as a cellular nitrogen source during bacterial growth. Moreover, as the enzymatic synthesis of NO requires consumption of molecular oxygen, 32 this hypothetical L-arginine/NO pathway in intestinal bacteria would not be favoured under the anaerobic conditions present in the intestinal lumen. 33 However, there are reports suggesting that enteric bacteria could generate nitrate. 34 Ioannidis et al and Crawford and Goldberg have reported in enterobacteria such as E coli and Salmonella sp. the presence of an inducible flavohaemoglobin that metabolises NO to nitrate. 35 36 Nitric oxide reacts with the haem group of this protein and is metabolised to nitrate by an oxidoreductase reaction. Although the role of this bacterial haemoglobin is still unknown, it may represent a cellular protective mechanism against nitrosative stress exerted by NO and nitrosothiols. N]nitrate in the patient group, as they were confined to bed and exercise is known to increase NO synthesis. 38 As the subjects were of similar age and body mass index, and were normotensive, non-smokers, and non-diabetic, the most likely explanation of our findings is that the production of [ In this study, the site from which [
15 N]nitrate derives cannot be determined, nor can we establish whether the source of nitrate is from a constitutive or inducible NOS. The sevenfold increase in urinary [ 15 N]nitrate excretion observed in patients with gastroenteritis does, however, suggest that the high output iNOS could be the major source of NO production in this condition. Intestinal epithelial cells are known to respond to bacterial invasion with the production of a range of proinflammatory cytokines. 39 It is likely, therefore, that the increase in NO production could have derived from infiltrating inflammatory cells (macrophages and neutrophils), epithelial cells, endothelial or vascular smooth muscle cells, or other mucosal cells. Indeed, studies in vitro have shown that infection of human colonic epithelial cells with enteroinvasive bacteria activates epithelial cell iNOS expression and NO production. 40 41 Moreover, Islam et al and Kolios et al showed in biopsy specimens of patients with acute shigella and salmonella colitis, increased expression of iNOS in intestinal epithelial cells. 42 43 There is also a growing body of experimental evidence suggesting that the expression of iNOS is upregulated in the colon of patients with IBD. Lundberg et al found NO concentrations in luminal gas sampled from the colon 100 times higher in patients with active ulcerative colitis than in controls. 13 Middleton et al showed high concentrations of L-citrulline, coproduct of the conversion of L-arginine to NO, in rectal biopsy specimens from patients with active ulcerative colitis. 11 Furthermore, several groups have reported a significant increase in calcium independent NOS activity in the colonic mucosa of patients with active ulcerative colitis and Crohn's disease. 12 44 45 Other investigators have also shown increased expression of iNOS in the surface epithelium of colonic mucosa from patients with ulcerative colitis. 43 46 47 Moreover, recent data have confirmed that iNOS mRNA is upregulated in adults and children with IBD. 48 49 Taken together, these data suggest that the increased levels of NO in the colon of patients with infective gastroenteritis and IBD could result from high expression of iNOS.
However, there are also reports of increased NO production by calcium dependent NOS in the colon of patients with Crohn's disease 45 and megacolon due to ulcerative colitis, 50 suggesting the possibility that activation of cNOS may also contribute to the overproduction of NO in infective gastroenteritis. Further studies are necessary to determine whether the increased NO production in infective gastroenteritis is from an inducible and/or constitutive NOS. In a previous study we observed that the whole body NO synthesis did not increase after typhoid vaccination in humans, even when there was clear evidence for an inflammatory response in terms of fever, peripheral blood white cell count, and plasma C-reactive protein. 25 We suggest that acute infective gastroenteritis is a strong inflammatory stimulus to increase NO production mediated by either luminal bacterial products or intramucosal release of cytokines such as tumour necrosis factor , interleukin 1, 51 interleukin 2, 4 and interferon . 40 Further studies are required to determine the role of this overproduction of NO in infective gastroenteritis. However, we consider that this increase in NO production could represent a mechanism for limiting tissue injury from infection. In line with this proposition, we have reported in patients with infective gastroenteritis that plasma nitrate concentrations correlated positively with the clinical severity of the infection, and the levels of plasma nitrate decreased as the patients recovered from illness. 20 Likewise, Islam et al and Kolios et al reported that iNOS expression in colonic surface epithelium was significantly reduced at convalescence, when all patients' stool cultures were negative for infecting agents. 42 43 It is not clear how NO exerts intracellular inhibition of bacteria, but NO has been shown to inhibit mitochondrial respiration by inactivation of complex I and complex II of the electron transport chain and the aconitase of the Krebs cycle. 52 In addition, there is increasing evidence to suggest that bactericidal activity against a number of targets is mediated by the reaction of NO and reactive oxygen intermediates. 53 54 Nitric oxide may also contribute to host defence in infective gastroenteritis by securing blood flow to tissues with increased metabolic needs and by modulating intestinal epithelial permeability. 55 Another possible mechanism by which increased NO synthesis could protect against bacterial invasion is by increasing the enterosalivary circulation of nitrate. Indeed, we have shown that salivary nitrate is rapidly reduced to nitrite by lingual bacteria, 56 and subsequently high concentrations of NO are generated by chemical reduction of nitrite in the stomach. 57 Our group has also shown in vitro the bactericidal eVect of acidified nitrite (in concentrations similar to those found in saliva) on the diVerent microorganisms involved in the aetiology of infective gastroenteritis. 58 Therefore, this pathway may protect the host against faecal-oral reinfection, transmission of infection, and the development of a chronic carrier state. However, there is also evidence suggesting that gut mucosal injury and bacterial translocation across the intestinal tract may be mediated through increased NO production by activated iNOS. For instance, Mishima et al and Sorrels et al have shown in rats that LPS induced mucosal injury and bacterial translocation could be prevented by the administration of L-NMMA 59 and aminoguanidine 60 (a selective inhibitor for iNOS). Furthermore, Mishima et al recently showed that endotoxin induced gut injury and bacterial translocation was significantly higher in the wild type NOS +/+ mice than in the iNOS deficient mice. However, they did not find any diVerence in the degree of bacterial translocation, and the extent of mucosal injury between these strains in a model of intestinal bacterial overgrowth. 61 Likewise, Laubach et al did not observe any diVerence in survival between iNOS +/+ and iNOS deficient mice treated with LPS. 62 However, McCaVerty et al reported that iNOS deficient mice were more susceptible to a mild colonic insult than their wild type controls, and also lacked the capacity to heal. 63 Furthermore, Horton et al showed that parenteral supplementation of L-arginine reduced bacterial translocation through an NO dependent mechanism. 64 The reasons for the discrepancies observed in these studies are not apparent, but possible explanations include the use of diVerent models of bacterial translocation, diVerences in genetic backgrounds, and use of diVerent endotoxin concentrations. Regardless of the exact nature of these disparities, the extrapolation of these results to humans should be considered with caution, as the reported data in those murine models may not reflect bacterial translocation in the acute setting of human infective gastroenteritis.
It is also unclear whether the increased NO production in IBD is beneficial or harmful. NO may protect the intestinal mucosa and microvasculature against the multiple damaging factors involved in inflammation. For instance, NO prevents leucocyte-endothelial cell adhesion in postcapillary venules and emigration to the intestinal mucosa, 65 thereby limiting an important source of toxic reactive oxygen metabolites. In addition, NO could play an important role in host defence against bacterial invasion and intramural penetration of the colonic wall. The idea of a protective role of NO in IBD has been sustained by a recent study which showed that iNOS deficient mice developed more severe inflammation than wild type controls in an experimental model of colitis. 63 Conversely, there are growing experimental and clinical indications suggesting that enhanced production of NO is related to microvascular damage and to the extent of tissue injury observed in IBD. Kimura et al showed a positive correlation between iNOS activity and disease severity, based on histological evidence in the colonic mucosa of patients with active ulcerative colitis. 45 Furthermore, it was also found that the rate of nitrotyrosine (reaction product between NO derived oxidants and protein tyrosines) staining in the colonic mucosa increased proportionally with disease severity. 47 Ouderk Pool et al reported that serum nitrate concentrations correlated with inflammatory variables and disease activity indexes. 66 McLaughlan et al showed a moderate correlation between polymorphonuclear cell infiltration and interleukin 8 and iNOS mRNA levels in colonic mucosal biopsy specimens from untreated patients with ulcerative colitis and Crohn's disease. 48 Mechanisms by which excess production of NO may promote tissue injury and inflammation in IBD include inhibition of DNA synthesis 53 54 and mitochondrial function, 52 release of intracellular iron, 67 relaxation of colonic smooth muscle, 50 and generation of carcinogenic nitrosamines. 68 Taken together, it does seem that the acute and increased NO synthesis observed in infective gastroenteritis may mainly to control the infectious process, whereas the chronic and sustained overproduction of NO in IBD may contribute to cellular toxicity by overflowing the intestinal mucosa's antioxidant buVer capacity, and rendering the mucosa more susceptible to microvascular damage and tissue injury.
In summary, the results reported here suggest that infective gastroenteritis is a potent inflammatory stimulus of intestinal production of NO in humans. Further studies are needed to determine the role of this NO overproduction, and whether this source is from a constitutive and/or inducible NOS.
